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ABSTRACT: The effect of pressure on the phase behavior of a multicomponent polymer blend was studied by
small-angle neutron scattering (SANS). The blend was composed of saturated polybutadiene with 89% 1,2-
addition (component A), polyisobutylene (component B), and an A-C diblock copolymer, where block A was
chemically identical to component A and block C was a saturated polybutadiene with 63% 1,2-addition (sPB63).
At atmospheric pressure, the blend forms a lamellar phase at low temperature, forms a microemulsion phase at
intermediate temperatures and is macrophase separated at high temperatures. No evidence of homogeneous phases
was found at atmospheric pressure. Upon pressurization the A/B/A-C blend exhibited a homogeneous phase
across a wide range of pressures and temperatures. The pressure dependencies of the Flory-Huggins interaction
parameters in this system (øAB, øAC, øBC) were determined from SANS measurements on binary blends and used
to model the thermodynamic properties of the multicomponent blend as a function of temperature and pressure
with the random phase approximation, self-consistent-field theory, and Flory-Huggins theory. We demonstrate
excellent agreement between theory and experiment without any adjustable parameters.

Introduction

The fact that the thermodynamic properties of polymer
mixtures are affected by temperature and pressure is well
established. In the case of simple systems such as mixtures of
polyolefins, Flory-Huggins theory1,2 provides a framework for
understanding these effects in terms of intermolecular interac-
tions.3 Most binary homopolymer mixtures phase separate upon
cooling; i.e., they exhibit an upper critical solution temperature
or UCST behavior.4 At low temperatures, these blends are
usually characterized by a positive Flory-Huggins interaction
parameter,ø, indicative of repulsive interactions between the
monomers. Upon heating,ø decreases. In some cases, however,
homopolymer mixtures phase separate upon heating; i.e., they
exhibit a lower critical solution temperature or LCST behavior.4,5

At low temperatures, these blends are usually characterized by
a negativeø parameter indicative of attractive interactions
between the monomers. Upon heating,ø increases. In rare cases,
temperature has a negligible effect on polymer blend thermo-
dynamics; i.e.,ø is a very weak function of temperature. The
temperature-independent contribution to the Flory-Huggins
interaction parameter is often called the “entropic” contribution,
and we thus refer to these kinds of blends as entropic blends. It
should be noted that in the conventional Flory-Huggins theory
the interaction energy and entropic contributions to mixing are
independent of temperature. The temperature dependence ofø

arises due to the relative importance of these contributions at
finite temperatures. Entropy dominates at high temperatures
while energy dominates at low temperatures.1,2

Relatively few experimenters have examined the effect of
pressure on the thermodynamics of polymer mixtures.6-25

Qualitatively different behaviors are seen in UCST and LCST
blends. Increasing pressure induces demixing in UCST systems
and mixing in LCST systems. We argue that this is due to
differences in the volume change of mixing.14,25,26The average
monomer-monomer distance in UCST mixtures is expected
to be somewhat larger than in the pure components due to
repulsive interactions; i.e., the volume change of mixing∆V is
positive. In contrast, the average monomer-monomer distance
in LCST mixtures is somewhat smaller than in the pure
components due to attractive interactions; i.e.,∆V is negative.
This leads to aP∆V contribution to the Gibbs free energy change
of mixing, ∆G, which is positive in the case of UCST systems
and negative in the case of LCST systems. On the basis of these
arguments, one might conclude that the thermodynamic proper-
ties of entropic blends would be independent of pressure. We
note that the expected behavior is not always observed; for
example, it was reported previously that pressure induces mixing
in a diblock copolymer with a UODT (upper order-disorder
transition).27 Independent measurements of∆V are needed to
fully understand the underpinnings of pressure-dependent phase
behavior.

The purpose of this paper is to study the effect of pressure
on a multicomponent polymer blend wherein all three kinds of
interactions described above are present. The blend of interest
is a mixture of two homopolymers A and B and an A-C diblock
copolymer. At atmospheric pressure, binary A/C mixtures
exhibit UCST behavior, binary B/C mixtures exhibit LCST
behavior, and binary A/B mixtures exhibit entropic behavior
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with a slight tendency toward LCST behavior. We note in
passing that proving that a blend is perfectly entropic, i.e., one
wherein the thermodynamic properties are truly independent of
temperature, is impossible due to finite experimental uncertainty
in the measured data. Our interest in these mixtures stems from
previous studies where it has been shown that A-C diblock
copolymers are effective surfactants for organizing mixtures of
immiscible A and B homopolymers.28-35 The thermodynamic
properties of our A-C surfactants are similar to those of non-
ionic surfactants (alkyl polyglycol ether molecules) in oil/water
systems at atmospheric pressure.36-41 In the small molecule
system, A is alkane, B is water, and C is polyglycol ether. In
both the polymeric and aqueous systems, the A-C surfactant
is designed such that the C part has attractive interactions with
component B and repulsive interactions with component A at
atmospheric pressure. The A-C surfactant design differs from
the more common approach of using an A-B diblock copoly-
mer to organize A and B homopolyers.42-46 In the A/B/A-B
system, there is only one parameter,øAB. In contrast, the
thermodynamics of A/B/A-C blends are governed by three
Flory-Huggins interaction parameters,øAB, øAC, andøBC.

The effect of pressure on oil/water/surfactant systems has been
studied by several authors.47-62 In mixtures containing nonionic
surfactants,47-55 it was found that increasing the pressure
increased the LCST of water/nonionic surfactant mixtures, i.e.,
pressure-induced mixing. Increasing the pressure increases the
UCST in oil/nonionic surfactant mixtures; i.e., pressure induces
demixing. The behavior of surfactant/water and surfactant/oil
mixtures is thus consistent with the∆V-based arguments given
above. The competition between these two opposing effects
leads to interesting changes in the phase behavior of oil/water/
surfactant mixtures at elevated pressures.47 One observation that
was made was that, in starting with a two-phase oil/water/
nonionic surfactant mixture in which the surfactant was
primarily soluble in the oil-rich phase, two phase transitions
occurred with increasing pressure at constant temperature. The
first transition resulted in the formation of a three-phase system
which then gave way to a new two-phase system with the
surfactant located primarily in the water-rich phase. The transfer
of the surfactant from the oil to the water phase can be
anticipated from the binary surfactant/water and surfactant/oil
results described above due to changes in surfactant solubility
with pressure.47,48,50-53 Decreasing temperature (at constant
pressure) leads to the same sequence of phase transitions. In
addition, the three-phase region widens and moves to higher
temperatures with increasing pressure.47-49 Therefore, a system
that does not exhibit a three-phase region at atmospheric pressure
may exhibit a three-phase region at elevated pressures, as shown
in ref 48.

In our polymeric A/B/A-C mixtures all of the components
are saturated hydrocarbons with empirical formula CH2. Com-
ponent A is a saturated polybutadiene with 89% 1,2-addition
(sPB89), component B is polyisobutylene (PIB), and the diblock
copolymer (A-C) consists of block A (also sPB89) and block
C which is a saturated polybutadiene with 63% 1,2-addition
(sPB63). The prefix “s” stands for “saturated” and is replaced
by “h” or “d” when we wish to specify whether the polymer is
hydrogenated or deuterated. All of our conclusions regarding
phase behavior are based on small-angle neutron scattering
(SANS). At atmospheric pressure,øAB is a very weak function
of temperature and thus falls under the category of an entropic
system.øAC is positive at low temperatures and decreases with
increasing temperature and is thus a UCST system.øBC is
negative at low temperatures and increases with increasing

temperature and is thus a LCST system. At atmospheric
pressure, our A/B/A-C blend formed a lamellar phase at low
temperatures, a microemulsion at intermediate temperatures, and
a macrophase-separated state at high temperatures.29 At elevated
pressures, however, we observed a large window where a
homogeneous phase was obtained. This was an unexpected
result, as the atmospheric pressure data contained no hint of a
homogeneous phase. This result is also very different from that
obtained from pressurized oil/water/surfactant mixtures de-
scribed above. In an attempt to understand the underpinnings
of this behavior, we measured the pressure dependencies oføAB,
øAC, and øBC in the polymeric system. TheøBC data were in
agreement with data obtained from other LCST systems
described above.øAC was independent of pressure over the
limited pressure range where we were able to obtain the data.
The pressure dependence oføAB, the entropic system, was
completely unexpected, asøAB decreased as the pressure
increased. We use mean-field theories [Flory-Huggins theory
(FHT), the random phase approximation (RPA), and self-
consistent-field theory (SCFT)] with the measured pressure and
temperature dependencies oføAB, øAC, andøBC to predict the
phase behavior of our A/B/A-C mixture. The applicability of
mean-field theories to high-pressure thermodynamic data is
discussed in refs 14 and 25. The pressure and temperature
dependencies of all of the parameters needed to complete the
theoretical calculationssthe volume of a repeat unit of each
component,Vm(P,T), binary interactions parameters,ømn(P,T),
and the statistical segment lengths of each component,lm(P,T)s
were obtained from independent measurements. We can thus
compare theoretical predictions and experimental results without
resorting to any adjustable parameters.

While our study is primarily motivated by fundamental
questions about the dependence of the phase behavior of
multicomponent polymer blends on pressure, our results are
relevant to polymer processing applications such as extrusion
and injection molding wherein polymer mixtures are subjected
to high pressures.

Experimental Methods

In the A/B/A-C polymer blends, component A was saturated
polybutadiene with 89% 1,2-addition (sPB89), component B was
polyisobutylene (PIB), and component C was saturated polybuta-
diene with 63% 1,2-addition (sPB63) (the prefix “s” stands for
“saturated” and is replaced by “h” or “d” when we wish to specify
whether the polymer is hydrogenated or deuterated).

Polybutadiene homopolymers and diblock copolymers were
synthesized via anionic polymerization, and the CdC double bonds
were saturated with hydrogen or deuterium gas per methods
described in refs 29 and 34. Polyisobutylene was synthesized via
cationic polymerization, also described in refs 29 and 34.

All saturated polybutadiene and polyisobutylene polymers were
characterized using known methods29 to determine the density, the
weight-average molecular weight, polydispersity index, and % 1,2-
addition (for the saturated polybutadiene polymers). The charac-
terization parameters are summarized in Table 1 for the polymers
used in this study. The composition labels for our samples are based
on our targets. Samples wherein the % 1,2-addition deviated more
than 3% from the target were discarded.

The pressure and temperature dependencies of the volume of a
monomer unit,Vmon,m, for each type of polymer were measured by
Krishnamoorti.63 The Tait equation was used to describe the
pressure and temperature dependencies ofVmon,m:

Vmon,m ) V0,m exp(RmT)[1 - 0.0894 ln(1 + P
B0,m exp(-B1,mT))]

(1)
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whereV0,m, Rm, B0,m, andB1,m are parameters determined from fitting
the Tait equation to the data and are listed in Table 2.

Binary and multicomponent polymer blends were created via
methods described in ref 29. The samples were annealed inside a
Teflon O-ring on a piece of Teflon at 90°C for 2 days to ensure
complete removal of the solvent used in the blend preparation.

Small-angle neutron scattering (SANS) experiments were con-
ducted on the NG7 beamline at the National Institute of Standards
and Technology in Gaithersburg, MD.64 Using standard procedures,
raw data were converted to absolute coherent scattering intensity,
I, as a function ofq (q ) 4π sin(θ/2)/λ, θ is the scattering angle,
λ is the wavelength of the incident beam), after corrections for
detector sensitivity, background, empty cell, and incoherent scat-
tering were made, using standard procedures.65 For the deuterated
components, corrections for the nonuniformity of deuterium labeling
were made.66 The sample was placed between two sapphire
windows in the NIST pressure cell and pressurized using the
experimental setup and methods described in ref 14. The SANS
data are limited toq < 0.5 nm-1 due to the physical design of the
pressure cell. The upper temperature limit was 200°C. The pressure
range for the cell was 0.03-3.10 kbar. In our previous studies on
high molecular weight polyethylbutylene and polymethylbutylene,
we were able to access the entire temperature and pressure range.
In the present work, however, some of the blends leaked out of the
pressure cell at pressures well below 3.10 kbar. This problem
seemed to depend on the viscosity of the blend: samples with lower
viscosity leaked out at lower temperatures and pressures than
samples with higher viscosities. Despite many separate attempts,
we were unable to solve this problem. The pressure and temperature
ranges over which blends discussed in this paper were studied was
limited by this fact. All of the blends discussed in this paper were
studied at atmospheric pressure in ref 29. All of the plots contain
two data points in the vicinity ofP = 0: one from the present
study and the other from ref 29.

Definitions and Theory

We use a reference volumeV ) 0.1 nm3, which is roughly
the volume of a C4 repeat unit of our components, as the basis
for defining the following parameters: the Flory-Huggins
interaction parametersømn (m, n ) A, B, C), the number of
reference volume units per chain of each component (Nj), and
the statistical segment length of each component (lm), which
describe the dependencies of the radius of gyration onNj. Since
the polymer density is temperature dependent,Nj is also
temperature dependent.

Our methods for utilizing Flory-Huggins theory (FHT),67,68

the random phase approximation (RPA),69-71 and self-consistent-
field theory (SCFT)31,72-75 to describe multicomponent
A/B/A-C blends have been previously discussed in refs 29 and
34. The only input parameters (in addition to usual characteriza-

tion parameters such as molecular weight and the volume of a
repeat unit) needed to utilize these theories are theømn for each
pair andlm parameters for each component, which are deter-
mined from binary blends. Our SCFT calculations are carried
out in 1 dimension, and the effect of concentration fluctuations
is neglected. We thus do not differentiate between different
microphase separated states such as microemulsions and lamel-
lae. Our analysis does not consider that theø parameter often
also accounts for other effects such as local entropic packing
contributions, compressibilities, molecular volume differences,
etc.

Binary Interaction Parameters at Elevated Pressures

The SANS profiles were measured from three binary blends,
A/B, A/C, and B/C (blends B1, B2, and B3, respectively,
described in Table 3), at a variety of temperatures and pressures.
Figure 1 shows data obtained from all three blends at 30°C at
selected pressures. The RPA was fit to the data withømn as a
fitting parameter. Previously, we determined that the statistical
segment length based upon the C4 repeat unit volume,lmon,m )
lmxVmon,m/V, whereVmon,m is the monomer volume based on a
C4 repeat unit, is independent of temperature at atmospheric
pressure.29,34 In this work, we assume thatlmon,m are also
independent of pressure. We were unable to substantiate the
limitations of this assumption due to the limitedq range
accessible with the NIST pressure cell. However, all of the data
obtained from the binary blends are consistent with this
simplifying assumption; i.e., the experimental data could be fit
with ømn as the only adjustable parameter. We will use the
statistical segment lengths reported in ref 34 at all temperatures
and pressures:lmon,A ) 0.55 nm,lmon,B ) 0.58 nm, andlmon,C

) 0.75 nm.
The results of fitting the RPA equation to the SANS data of

A/B, B/C, and A/C blends at 30°C using ømn as fitting
parameters give the solid curves shown in Figure 1. This was
also done for other temperatures, and the data will not be shown
for brevity. Theømn parameters obtained from these fits are
shown in Figure 2, in whichømn are plotted as a function of
inverse temperature at each pressure. In Figure 3,ømn are plotted
as a function of pressure at each temperature. The A/B blend
exhibited a positive parameter at atmospheric pressure that was
fairly temperature independent.34 There is the slightest hint of
LCST behavior at atmospheric pressure. However, upon pres-
surization,øAB was found to decrease drastically. This is true
for all pressures. As the pressure is increased, the LCST behavior
of the A/B blend becomes much more pronounced (Figures 2a
and 3a). These data lead to the surprising conclusion that sPB89/

Table 1. Characterization of Polymersa

name Mw (kg/mol) N PDI F (g/mL) % 1,2-addition nD

hPB89(10) 10.1 195 1.01 0.8625 89.1 NA
dPB89(10) 10.6 195 1.01 0.9020 89.1 2.54
dPB63(10) 10.5 191 1.02 0.9125 61.6 3.44
dPB89(35) 36.5 671 1.02 0.9037 90.1 2.56
PIB(13) 12.5 227 1.04 0.9134 NA NA
PIB(45) 44.6 811 1.04 0.9140 NA NA
hPBPB(41-38) 41.3-37.6 794-727 1.01 0.8633 91.9-62.7 NA

a Mw is the weight-averaged molecular weight, PDI is the polydispersity index,N is the number of reference volume units per chain at 23°C based on
a reference volume of 0.1 nm3, PDI ) Mw/Mn whereMn is the number-average molecular weight,F is the average density, andnD is the number of deuterium
atoms per C4 repeat unit.

Table 2. Parameters for the Tait Equation

polymer V0,m Rm B0,m B1,m

sPB89 (polymer A) 86.50 0.000 723 9 6.498 0.004 681
sPB63 (polymer C) 86.33 0.000 732 1 6.786 0.004 717
PIB (polymer B) 86.23 0.000 566 4 7.252 0.004 023

Table 3. Compositions of Binary Blends Used To Measureø

blend component A component B component CφA φB φC

B1 dPB89(10) PIB(45) 0.673 0.327
B2 hPB89(10) dPB63(10) 0.493 0.507
B3 PIB(13) dPB63(10) 0.477 0.523
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Figure 1. SANS at 30°C from (a) blend B1 (A/B), (b) blend B2
(A/C), and (c) blend B3 (B/C) at selected pressures. The solid lines
are the random phase approximation fit to the data withømn as an
adjustable parameter and withlmon,m constrained to a temperature- and
pressure-independent value. (a, c) Data markers: 0.03 (O), 0.62 (0),
1.24 (]), 1.86 (×), 2.48 (+), and 3.10 kbar (4). (b) Data markers:
0.03 (O), 0.34 (0), and 0.69 kbar (]).

Figure 2. ø parameters as a function of 1/T obtained from RPA fits
for the (a) A/B, (b) A/C, and (c) B/C blends. Fit to the expressionø )
A + BT-1 + CT-2 are shown as the solid curves in Figure 2. (a, c)
Data markers: atmospheric pressure (from ref 34) (O), 0.03 (0), 0.62
(]), 1.24 (×), 1.86 (4), 2.48 (+), and 3.10 kbar (left facing4). (b)
Data markers: atmospheric pressure (from ref 34) (O), 0.03 (0), 0.34
(]), and 0.69 kbar (×).
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PIB blends would be miscible with each other at room
temperature and 3.10 kbar, regardless of the molecular weight
of the components. The thermodynamics of polyolefin mixtures

has been studied extensively.76-79 The results presented in
Figures 2a and 3a could not be anticipated from this extensive
body of work. It is clear from this study that the “term” entropic
blend is probably not appropriate for blends that show temper-
ature-independentø parameters at atmospheric pressure.

At atmospheric pressure,øAC was positive at room temper-
ature and decreased with increasing temperature.34 Over the
limited accessible pressure range (onlyP < 0.69 kbar could be
accessed due to sample leakage), the change inøAC upon
pressurization was negligible as shown in Figures 2b and 3b.
At atmospheric pressure,øBC was negative and increased with
increasing temperature.34 øBC was found to decrease with
increasing pressure, consistent with the∆V-based arguments
presented in the Introduction (Figures 2c and 3c).øBC could
only be measured up toT ) 134 °C due to sample leakage at
higher temperatures.

The øAB andøBC parameters were fit at each pressure to an
equation of the formømn ) A + BT-1 + CT-2 (solid curves in
Figure 2), and theA, B, and C parameters for each blend at
each pressure are listed in Table 4. In addition, theøAB andøBC

parameters were fit at each temperature to an equation of the
form ømn ) D + EP + FP2 (solid curves in Figure 3), and the
D, E, andF parameters for each blend at each temperature are
listed in Table 4. With these sets of equations, the parameters
can be determined at any pressure and temperature.80 øAC was
insensitive to pressure in the available pressure window. Thus,
the average values oføAC, calculated at each temperature (over

Figure 3. ø parameters as a function ofP obtained from RPA fits for
the (a) A/B, (b) A/C, and (c) B/C blends. Fit to the expressionø ) D
+ EP + FP2 are shown as solid curves. Data are also included at
atmospheric pressure, as described in ref 34. (a, b) Data markers: 30
(O), 70 (0), 110 ()), 150 (×), and 167°C (∆). (c) Data markers: 30
(O), 70 (0), 97 ()), and 134°C (×).

Table 4. Polynomial Constants for Parameters Determined from
Binary Blendsa

øAB

P (kbar) A B (K) C (K2)

0.03 -2.28× 10-3 6.14× 100 -1.28× 103

0.62 -4.34× 10-3 7.45× 100 -1.60× 103

1.24 -7.69× 10-3 1.03× 101 -2.29× 103

1.86 -5.42× 10-3 9.00× 100 -2.22× 103

2.48 -1.64× 10-3 7.00× 100 -2.10× 103

3.10 1.36× 10-2 -3.85× 100 -3.01× 102

T (°C) D E (kbar-1) F (kbar-2)

30 4.30× 10-3 -2.56× 10-3 1.18× 10-4

70 4.83× 10-3 -1.63× 10-3 5.29× 10-6

110 5.01× 10-3 -1.12× 10-3 -5.71× 10-6

150 5.07× 10-3 -1.26× 10-3 1.76× 10-4

167 5.06× 10-3 -1.18× 10-3 1.87× 10-4

øBC

P (kbar) A B (K) C (K2)

0.03 -5.23× 10-2 4.14× 101 -8.16× 103

0.62 -4.18× 10-2 3.47× 101 -7.24× 103

1.24 -3.04× 10-2 2.71× 101 -6.23× 103

1.86 -3.18× 10-2 2.80× 101 -6.52× 103

2.48 -2.23× 10-2 2.18× 101 -5.64× 103

3.10 -2.79× 10-2 2.58× 101 -6.47× 103

T (°C) D E (kbar-1) F (kbar-2)

30 -4.65× 10-3 -3.33× 10-3 1.76× 10-4

70 -1.35× 10-3 -2.20× 10-3 4.13× 10-5

97 8.03× 10-5 -2.33× 10-3 1.71× 10-4

134 6.49× 10-4 -1.73× 10-3 1.24× 10-4

øAC

P (kbar) A B (K) C (K2)

allb -1.25× 10-2 8.57× 100 -8.77× 102

a At each pressureømn ) A + BT-1 + CT-2, and at each temper-
atureømn ) D + EP + FP2. b øAC was not a strong function of pressure,
and thus the average values at each temperature were fit toøAC ) A +
BT-1 + CT-2.
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the pressure range of atmospheric pressure to 0.69 kbar), were
fit to the form ømn ) A + BT-1 + CT-2. The values ofA, B,
andC thus obtained are listed in Table 4. We have implicitly
assumed thatøAC is independent of pressure up to 3.10 kbar
although our data are restricted toP < 0.69 kbar.

Multicomponent A/B/A -C Blend at Elevated Pressures

We conducted SANS experiments at a variety of temperatures
and pressures on a multicomponent A/B/A-C blend, labeled
blend B50, with the following components: A was dPB89(35),
B was PIB(45), and the A-C diblock copolymer was
hPBPB(41-38). The characteristics of all of these polymers
are given in Table 1. The ratio of the volume fractions of the A
and B homopolymers in the multicomponent blend are at their
critical composition:φA/φB ) 1.114( 0.002. The composition
of blend B50 isφA ) 0.264,φB ) 0.237, andφA-C ) 0.500.

Before examining the phase behavior of the multicomponent
blend, it is useful to evaluate the properties of the dPB89(35)/
PIB(45) blend in the absence of the A-C surfactant. We do
this by examining the value oføABNAVE, where

In a critical A/B blend, phase separation is obtained when
øABNAVE is greater than 2.0. The temperature and pressure
dependencies oføABNAVE for dPB89(35)/PIB(45) are given in
Figure 4. It is clear from Figure 4 that there are many values of
T andP whereøABNAVE is less than 2.0, implying that a critical
A/B blend would be homogeneous in the absence of the A-C
surfactant. It is highly unlikely that the addition of the surfactant
to these blends would change the homogeneous nature of the
blend (øACNAVE for the A and C blocks of the diblock copolymer
is <10.5 across the entire range of temperatures and pressures).
We thus expect the A/B/A-C blend to be homogeneous atT,
P values whereøABNAVE is significantly less than 2.0, which
generally occurs at elevated pressures.

The phase behavior at atmospheric pressure of blend B50
has been fully analyzed in ref 29 and will only be summarized
here. At atmospheric pressure, blend B50 is lamellar at 30°C,
a microemulsion at temperatures between 70 and 90°C, and
macrophase separated above 112°C. The state of blend B50 at

atmospheric pressure and 50°C had characteristics of both
lamellar phases and microemulsions. It is possible that lamellae
and microemulsions coexist at temperatures between 30 and 70
°C, as required by the Gibbs phase rule.29

We begin with the data obtained from blend B50 atT ) 30
°C andP ) 0.03-3.10 kbar, shown in Figure 5a. We see a
single scattering peak in the vicinity ofq ) 0.135 nm-1 at all
pressures. This scattering peak could either imply the presence
of a homogeneous phase with periodic concentration fluctuations
or the presence of a microphase separated blend without
significant long-range order. As we have done in ref 34, we
use RPA, SCFT, and FHT along with the measured SANS data
to distinguish between these two possibilities. We expect a
homogeneous phase at high pressures whereøABNAVE is
significantly less than 2.0 (see Figure 4). We thus used
multicomponent RPA to compute the SANS intensity of B50
at T ) 30 °C and elevated pressures. Our methods for utilizing
the multicomponent RPA are described in detail in refs 29 and
34. As we use binaryømn andlm parameters, there are no fitting
parameters in the theoretical calculations. In Figure 5b we
compare the RPA predictions with experimental data atP g
2.48 kbar. Many features seen in the experiments are accurately
captured by RPA. Both theory and experiment indicate a plateau
in I of 30-40 cm-1 asq f 0, the presence of a scattering peak
due to periodic concentration fluctuations, and aq-2 tail at high
q. The peak location predicted by RPA occurs atq ) 0.15 nm-1,
which is somewhat higher than that obtained experimentally.
This is probably due to chain stretching in the multicomponent
blend. We note in passing that in most cases statistical segment
lengths obtained from homopolymer blends are significantly
smaller than those obtained from neat diblock copolymers.81 In
addition, the theoretically predicted peak intensity atP ) 3.10
kbar is lower by a factor of 2 when compared with experiment.
This discrepancy may be due to uncertainties in measurement
of ømn, lm, andNj or fluctuation effects that are not included in
our theoretical calculations. Below 2.48 kbar, the calculated RPA
profiles contain two poles, a signature of microphase separation
(inset in Figure 5b showsI(q) calculations forP ) 1.86 kbar).

We use SCFT to study the state of the blend atT ) 30 °C
and pressures between 0.03 and 3.10 kbar. Our methods for
utilizing SCFT to describe A/B/A-C blends have been previ-
ously discussed in refs 29 and 34. The SCFT calculations are
based on the same binaryømn andlm parameters that were used
in the RPA calculations. The SCFT calculations predict the
domain spacing,d, and the composition of the microphases.
The dashed line in Figure 5c shows the calculated domain
spacing as a function ofP at T ) 30 °C. The solid curve in
Figure 5c isdRPA ) 2π/qRPA-peak, whereqRPA-peakis the location
of the peak predicted by the RPA. The symbols in Figure 5c
represent the experimentally determined domain spacing,dexpt

) 2π/qSANS-peakwhereqSANS-peakis the location of the primary
scattering peak measured with SANS. The pressure dependence
of domain spacing is in excellent agreement with the predictions
of RPA and SCFT. AtP g 2.48 kbar, where RPA calculations
gave I(q) profiles without singularities, SCFT calculations
converged on a homogeneous phase. The RPA and SCFT
calculations are thus entirely consistent with each other.

The final calculation that we conducted was to utilize Flory-
Huggins theory (FHT) to predict the dimensionless free energy
of a homogeneous state, (fV/kT)homog. The same binaryømn and
lm parameters used in the RPA and SCFT calculations are used
in the FHT calculations, as described in detail in ref 34. This is
then compared to the dimensionless free energy of the mi-
crophase separated state that was calculated with SCFT,

Figure 4. øABNAVE as a function of pressure at the following
temperatures: 30 (O), 50 (0), 70 ()), 90 (×), 110 (4), and 130°C
(+). Dotted line indicates location oføABNAVE ) 2.0.

1/NAVE ) [1/(2NA
1/2) + 1/(2NB

1/2)]2 (2)
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(fV/kT)micro. The free energies of the homogeneous and mi-
crophase separated states are very similar. We thus plot the
dimensionless difference, [(fV/kT)homog - (fV/kT)micro], as a
function of pressure at 30°C in Figure 5d. As evidenced in
Figure 5d, the free energy of the microphase separated state is
less than the free energy of the homogeneous phase at all
pressures that SCFT converged on ad spacing (P e 1.86 kbar).
This is in agreement with the RPA analysis which predicted
microphase separation atP between 0.03 and 1.86 kbar and a
homogeneous phase atP g 2.48 kbar. Utilizing SCFT, FHT,
and RPA calculations, the theoretical transition from a mi-
crophase separated state to a homogeneous state occurs atP )
2.15 ( 0.05 kbar.

To determine the nature of the microphase separated state,
we analyze the SANS profile using the Teubner-Strey (T-S)

equation.82 Agreement with the T-S equation is taken as an
indication of a microemulsion phase. The T-S equation for the
scattering intensity is

where a, b, and c are fitting parameters. We useIbgd(q) to
account for the fact the T-S equation was developed for oil/
water microemulsions and thus does not account for scattering
contributions due to the connectivity of polymer chains.Ibgd(q)
is assumed to be of the formIbgd(q) ) (eq2 + g)-1, wheree
andg are fitting constants. We do not have rigorous justification
for the proposed splitting ofI(q). The use of the background
term does not affect the resultinga, b, and c coefficients

Figure 5. (a) SANS data obtained from blend B50 at 30°C at selected pressures: 0.03 (O), 0.62 (0), 1.24 ()), 1.86 (×), 2.48 (+), and 3.10 kbar
(∆). The solid lines are the T-S fit to the data. (b) SANS data obtained from blend B50 at 30°C at selected pressures: 2.48 (O) and 3.10 kbar
(0). The dotted curves are the RPA predictions with no adjustable parameters atP ) 2.48 and 3.10 kbar (the peak intensity decreases asP
increases). Inset to (b) is the RPA profile at 30°C and 1.86 kbar with no adjustable parameters. (c) Domain spacing as a function of temperature
for blend B50 at 30°C as determined by SANS withd ) 2π/qSANS-peak (O) and predicted by SCFT (dotted line) and the RPA (solid line). The
vertical line indicates the MH phase boundary determined from SCFT, FHT, and RPA. M is microphase separated (lamellae or a microemulsion),
and H is homogeneous. (d) Dimensionless free energy of the lamellar phase (predicted by SCFT) subtracted from dimensionless free energy of the
homogeneous phase (predicted by FHT) as a function of pressure for B50 at 30°C. Dotted line indicates∆f ) 0.

I(q) ) 1

a + bq2 + cq4
+ Ibgd(q) (2)

Macromolecules, Vol. 40, No. 2, 2007 A/B/A-C Polymer Blend 361



significantly, as the background term is only important at high
q values (away from the peak). The fitting constants enable
determination of the domain spacing,d, correlation length,ê,
and amphiphilicity factor,fa, given by

The T-S equation fit to the data at 30°C is shown as the
solid curves in Figure 5a. The fitting parameters are given in
Table 5. The T-S equation captures all of the important features
in the 30°C I(q) data, regardless ofP. In the T-S equation,
the parameterb must be negative if a peak is observed. As both
a andc are positive for microemulsion formation, this results
in a negativefa. In our polymer systems, we observe homoge-
neous systems which exhibit a structure factor peak near the
homogeneous-to-microphase separated state phase boundary.
Therefore, homogeneous systems are observed withfa < 0. For
example, atT ) 30 °C andP ) 2.48 kbar the RPA predicts the
existence of a homogeneous phase, and from the T-S fit, fa )
-0.91.

The combination of SANS, RPA, SCFT, and FHT indicates
that at 30°C blend B50 forms a microemulsion atP e 1.86
kbar and homogeneous atP g 2.48 kbar. The vertical line in
Figure 5c demarcates the location of the homogeneous-to-
microphase separation transition. We note that there are no
discernible SANS signatures of this transition. Our theoretical
analysis indicates that the microphase separated-to-homogeneous
transition is a second-order phase transition because the free
energy difference between the microphase separated state and
the homogeneous state vanishes at the transition point (Figure
5d). This may be the reason for the lack of discernible
experimental signatures of this transition. We note in passing
that similar difficulties are faced when locating the transition
distinguishing between homogeneous and microphase separated
states in the microemulsion channel in well-studied A/B/A-B
mixtures at atmospheric pressure.83

Qualitatively similar behavior was seen in B50 at tempera-
tures between 30 and 90°C. The same methodology described
above for the 30°C data was applied to the data obtained at
the other temperatures. In all cases, a microphase separated-
to-homogeneous transition was obtained using SCFT, FHT, and
RPA at pressures listed in Table 6. The results of the T-S
analysis at these temperatures are given in Table 5. The SANS
data obtained at 50°C are shown in Figure 6. The solid curves
represent T-S fits from microemulsion phases atP ) 0.03-
0.62 kbar. The dotted curves represent the RPA profiles atP g
1.24 kbar. As was the case at 30°C, the scattering intensity
predicted by RPA atq ∼ 0.14 nm-1 diverges with decreasing
pressure, announcing the formation of a microemulsion. The
theoretically predicted RPA peak intensity overpredicts the peak
intensity of the experimental profiles in the vicinity of the
homogeneous-to-microphase separated phase transition (dotted
curves in Figure 6). This may be due to uncertainties in
measurement ofømn, lm, andNj or the lack of incorporation of
fluctuation effects in the theory. The T-S equation was fit to
all of the 50°C data, and the fits are summarized in Table 5.
The 70 and 90°C data are not discussed here for brevity.

The data obtained from blend B50 at 130°C are significantly
different from those discussed thus far and are shown in Figure
7. This blend is macrophase separated at 0.03 kbar, as evidence
by the low-q PorodI ∼ q-4 scattering profile observed due to
the presence of large length scale structures (Figure 7). As the
pressure is increased, the low-q Porod scattering disappears and
the SANS profile is consistent with a homogeneous phase. The
dashed curves in Figure 7 are RPA predictions with no
adjustable parameters. The measured scattering profiles from
the homogeneous phase do not contain a scattering peak,

Table 5. Teubner-Strey Fitting Parameters

T (°C) P (kbar) a (cm) b (cm nm2) c (cm nm4) d (nm) ê (nm) fa

30 0.03 0.046 64 -4.952 136.20 46.39 78.30-0.9824
30 0.62 0.048 52 -4.856 128.71 45.41 60.26-0.9716
30 1.24 0.044 84 -4.101 104.53 44.25 42.72-0.9471
30 1.86 0.042 27 -3.689 93.95 43.97 35.58-0.9255
30 2.48 0.040 99 -3.490 89.81 43.99 32.15-0.9094
30 3.10 0.041 79 -3.525 91.33 44.05 30.91-0.9021
50 0.03 0.029 59 -3.062 89.05 47.21 43.93-0.9432
50 0.62 0.033 33 -2.772 72.89 44.21 29.05-0.8892
50 1.24 0.038 46 -2.589 64.94 42.23 21.32-0.8192
50 1.86 0.041 48 -2.172 54.44 40.75 16.16-0.7225
50 2.48 0.044 62 -1.996 51.65 40.26 14.09-0.6573
50 3.10 0.044 83 -1.717 47.48 40.22 12.58-0.5885
70 0.03 0.029 25 -2.817 86.62 47.74 30.73-0.8848
70 0.62 0.037 52 -2.409 67.45 43.65 18.68-0.7571
70 1.24 0.041 56 -1.786 50.05 41.14 13.50-0.6190
70 1.86 0.047 40 -1.677 46.67 39.80 11.99-0.5637
70 2.48 0.048 67 -1.137 35.76 38.68 9.76-0.4308
70 3.10 0.052 86 -0.969 30.56 37.08 8.81-0.3810
90 0.03 0.025 33 -2.175 80.97 50.37 21.68-0.7594
90 0.62 0.041 00 -1.791 57.65 43.26 13.40-0.5824
90 1.24 0.049 31 -1.402 44.15 40.02 10.68-0.4750
90 1.86 0.053 78 -1.093 37.11 38.67 9.26-0.3867
90 2.48 0.057 44 -0.943 32.84 37.49 8.53-0.3432
90 3.10 0.062 39 -0.804 28.54 36.03 7.82-0.3012

ê ) [12(ac)1/2
+ 1

4
b
c]-1/2

(3)

d ) 2π[12(ac)1/2
- 1

4
b
c]-1/2

(4)

fa ) b

2xac
(5)

Figure 6. SANS data obtained from blend B50 at 50°C at selected
pressures: 0.03 (O), 0.62 (0), 1.24 ()), 1.86 (×), 2.48 (+), and 3.10
kbar (∆). The solid lines are the T-S fit to the data atP ) 0.03 and
0.62 kbar. The dotted curves are the RPA predictions with no adjustable
parameters atP ) 1.24, 1.86, 2.48, and 3.10 kbar (the peak intensity
decreases asP increases).

Table 6. Microphase Separated-to-Homogeneous Transition
Pressures

T (°C) Ptrans(kbar)

30 2.15( 0.05
50 1.15( 0.05
70 0.56( 0.05
90 0.35( 0.05
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irrespective of pressure. The RPA predictions capture this
behavior. The quantitative differences between theory and
experiment seen in Figure 7 is attributed to uncertainty in
measurements ofømn, lm, andNj parameters, as fluctuation effects
are typically more important near microphase separation and
not macrophase separation.84 It is relatively straightforward to
identify the homogeneous-to-macrophase separation transition
from the measurements due to the abrupt appearance of Porod
scattering (Figure 7). AtT ) 110 °C andP ) 0.03 kbar, an
increase in the low-q scattering intensity indicates the presence
of macrophase separation. We were not able to observe theI ∼
q-4 signature of macrophase separation. (At atmospheric pres-
sure, theI ∼ q-4 profile was observed at 110°C as the
configuration used allowed access to lowerq values.29) As the
pressure was increased to 0.62 kbar, the profile was consistent
with a homogeneous phase. We thus observe qualitatively
similar behaviors at 110 and 130°C. Data obtained atT g 130
°C were similar to the data described above for 130°C. For
brevity, we do not show these results.

Our experimental and theoretical results are summarized in
theT-P phase diagram shown in Figure 8. The symbols indicate
the locations of the experimentally determined phase transitions.
The square symbols show the homogeneous (H)-to-macrophase
separation (P) phase transition, while the circle symbol shows
the phase transition from a microphase separated state (M) to a
macrophase separated state. The solid curves indicate the Mf
H, P f H, and M f P transitions, based upon mean-field
theories. The Mf H and Pf H transitions were determined
with the RPA, and the Mf P transition was determined with
SCFT (based upon the ability to converge upon ad-spacing).
The theoretical calculations extend only up to 134°C (above
this temperature, no theoretical predictions could be made due
to our inability to measureøBC). The dashed curve connects
experimental data points above 134°C.

It is remarkable that this blend, which did not show any
evidence of a homogeneous phase at atmospheric pressure, has
a significant homogeneous window once pressure is elevated.
Our studies show that the reason for the homogenization is

twofold. First, øAB decreases as the pressure is increased and
even becomes negative at the highest pressures and temperatures.
Figure 4 shows the values forøABNAVE, which is greater than 2
when A and B are immiscible as a function ofT andP. It is
clear when looking at Figure 4 that the effect of decreasingøAB

alone is not enough to explain the homogeneous phase window
in Figure 8. For example, at 70°C and 0.62 kbar, the RPA
predicted a homogeneous phase with no fitting parameters.
However, øABNAVE ) 2.80, which is well above 2. The
homogenization at 70°C and 0.62 kbar is due to the presence
of the A-C surfactant. The second reason for the observed
pressure dependence of the A/B/A-C blend is thatøBC becomes
more negative as the pressure is increased. It is thus clear that
the combination of the pressure effects onøAB and øBC are
responsible for the formation of the homogeneous phase at high
pressures.

Conclusion

We have probed the effect of pressure on the thermodynamic
properties of a ternary mixture of two homopolymers A and B
and an A-C diblock copolymer. At atmospheric pressure, this
blend formed a lamellar phase at low temperatures, a micro-
emulsion at intermediate temperatures, and macrophase separa-
tion at high temperatures.29 Upon pressurization, a homogeneous
phase was observed across a wide range of pressures and
temperatures. This is qualitatively different from the phase
behavior of oil/water/nonionic surfactant mixtures47-62 wherein
the phase separated window is seen to broaden with increasing
pressure. In an attempt to understand the underpinnings of this
phase behavior, the effect of pressure on the binary interaction
parameters was measured. We found thatøAB andøBC decreased
with increasing pressure, whileøAC was insensitive to changes
in pressure. SCFT, RPA, and FHT, with binary parameters as
inputs, were used to predict the thermodynamic properties of
our A/B/A-C blend. This enabled distinguishing between
microphase separated states, homogeneous states with and

Figure 7. SANS data obtained from blend B50 at 130°C at selected
pressures: 0.03 (O), 0.62 (0), 1.24 ()), 1.86 (×), 2.48 (+), and 3.10
kbar (∆). The dotted curves are the RPA predictions with no adjustable
parameters atP ) 0.62, 1.24, 1.86, 2.48, and 3.10 kbar (the plateau
intensity decreases asP increases).

Figure 8. A/B/A-C phase diagram. M is microphase separated
(lamellae or a microemulsion), H is homogeneous, and P is macrophase
separated. The square and circle symbols show the Pf H and M f
P phase transitions, respectively, based upon the low-q scattering in
the SANS data. The solid curves indicate the Mf H, P f H, and M
f P phase transitions based upon a combination of SCFT, RPA, and
FHT. The dashed curve connects experimental data points. Errors on
the theoretical transition pressures are 0.05 kbar for all phase boundaries.
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without periodic concentration fluctuations, and macrophase
separation. SCFT calculations of the domain size of the
microphase separated states as a function of pressure and
temperature were within 10% of the experimental value across
the entire accessible range. Previous work showed that FHT
can be used to describe the phase behavior of binary homopoly-
mer blends at elevated pressures as long as the pressure and
temperature dependencies ofømn, lm, and Vm are deter-
mined.14,25,26The present study extends this idea to show that
mean-field theories (RPA, SCFT, FHT) can be used to describe
the pressure dependent thermodynamics of complex multicom-
ponent systems that are characterized by periodic concentration
fluctuations as well as microphase and macrophase separated
states.
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